The risk of hyperkalemia in chronic kidney disease
==================================================

Potassium homeostasis is maintained by internal and external balance. Most of the body potassium is intracellularly located, and the internal balance is affected by transcellular shift of potassium. The external balance is the net result of potassium intake and excretion, and urine and stool are the main routes of potassium excretion[@B1]. The kidney is normally the major determinant of external potassium balance, but contribution of colonic potassium secretion to the total potassium excretion would increase as urinary potassium is reduced in chronic kidney disease (CKD).

As CKD advances from stage 1 to 5, urinary potassium excretion is declined[@B2]. In response to oral potassium load, the increase in urinary potassium excretion is blunted in CKD patients compared with normal subjects[@B3]. However, the basal and stimulated fractional excretion of potassium is enhanced in CKD patients because of magnification phenomenon[@B4].

The prevalence of hyperkalemia increases as the CKD advances from stage 1 to 5. [Figure 1](#F1){ref-type="fig"} shows data from the KoreaN cohort Study for Outcomes in patients With Chronic Kidney Disease (KNOW-CKD). When the CKD reaches stages 4 to 5, about one-fifths of the Korean patients appear to have hyperkalemia \>5.5mmol/L. Because of the proven renoprotective efficacy, renin-angiotensin-aldosterone system(RAAS) blockades are frequently used in proteinuric patients. Notably, most of the Korean CKD patients are prescribed RAAS blockades including conver ting enzyme inhibitors, angiotensin II receptor blockers, and spironolactone. The resultant inhibition of angiotensin II or aldosterone would impair potassium secretion from the cortical collecting duct and enhance the risk of hyperkalemia in CKD patients[@B5]. The associated risk of hyperkalemia with using RAAS blockades can be inferred from the major randomized, controlled clinical trials evaluating the effect of RAAS blockade on renal outcomes. The risk of hyperkalemia seems to increase by at least 2 to 3 times in proteinuric CKD patients taking RAAS blockers[@B6]. Hyperkalemia is independently associated with significantly higher all-cause and cardiovascular mortality, and with higher risk of end-stage renal disease[@B7].

Recently, the benefits of a highpotassium diet were reported from CKD patients. In particular, a vegetarian diet and its components may slow renal progression and prevent cardiovascular complications[@B8]. Thus, we need to control potassium load while maintaining the benefit of high potassium intake. Offering vegetables and fruits may counteract the hyperkalemia-associated adverse effects because of relieving metabolic acidosis as well as constipation. The associated intake of low salt and low protein would be good to kidney health.

Interventions to treat chronic hyperkalemia in CKD
==================================================

Hyperkalemia can be grouped into acute and chronic. Acute hyperkalemia is caused by abnormal net release of potassium from cells, often due to trauma, metabolic acidosis, and hemolysis, requiring immediate attention, i.e., cardiac monitoring and acute medical interventions such as dialysis. On the other hand, chronic hyperkalemia is caused by impairment of potassium excretory process and/or increased potassium load, requiring ongoing management to correct the underlying disturbances in potassium balance, i.e., nonpharmacological and pharmacological interventions[@B9].

First, nonpharmacological interventions should be applied to CKD patients at risk of hyperkalemia[@B10]. It is important to assess estimated glomerular filtration rate (eGFR) to define overall risk of hyperkalemia because the risk of hyperkalemia increases as eGFR declines. Medications that can impair renal potassium excretion need to be investigated in patients with hyperkalemia. Not only RAAS blockers but also nonsteroidal anti-inflammatory drugs, nonselective beta-blockers, calcineurin inhibitors, and heparin can induce hyperkalemia, and they may be discontinued if serum potassium rises to \>5.5mmol/L. When RAAS blockers are used, they should be started from low doses and closely monitored. To reduce potassium in diet, cooking procedures (e.g., soaking or boiling) should be modified in order to remove potassium, and hidden sources of potassium(e.g. food additives and low-sodium salt substitutes) should be avoided[@B11].

When these measures are not successful, pharmacologic treatments are necessary. First, alkali agents such as sodium bicarbonate are useful to reduce hypokalemia if they are indicated for correction of metabolic acidosis in CKD patients. Another option is diuretics to induce kaliuresis. If the advanced CKD patients are edematous, loop diuretics are indicated to restore their volume status. However, caution needs to be paid to the risk of prerenal azotemia precipitated by overuse of diuretics. Fludrocortisone acetate may be prescribed to excrete urinary potassium in patients with aldosterone deficiency. However, larger doses (up to 0.4--1.0mg/day) are needed to effectively lower potassium level, and sodium retention, edema, and hypertension may be complicated[@B12].

Before initiating dialytic therapy to treat hyperkalemia in CKD, cation exchange resins can be used to enhance fecal potassium excretion. They are nowadays called potassium binders and emerging as new options to treat chronic hyperkalemia.

Potassium binders to treat chronic hyperkalemia in CKD
======================================================

1. Sodium polystyrene sulfonate
-------------------------------

Sodium polystyrene sulfonate (SPS) is a cation exchange resin, which exchanges sodium for calcium, ammonium, and magnesium in addition to potassium. Thus, it is not very selective for serum potassium lowering and may lead to hypocalcemia and hypomagnesemia. Kayexalate was the commercial name given to the powdered form of SPS, first introduced in the 1950s[@B13].

The main action site of SPS is "distal colon", where the potassium concentration is high because of colonic secretion. Because the apical BK channel (K~Ca1.1~) is the major secretory K^+^ channel in the distal colon, SPS needs to be delivered to the rectum, either by retention enema or by oral administration with cathartics. Cation exchange resins seem to act on crypt enterocytes in the distal colon, which have the secretory pathway of potassium from basolateral NKCC1 cotransporter (and Na-K-ATPase) to apical BK channel[@B14]. Notably, SPS is ineffective in binding potassium when it stays in the stomach because its sulfonate groups are occupied by hydrogen ions at an acid pH[@B13].

Previously, the efficacy and safety of SPS were concerned. A single dose (30 g) SPS therapy was ineffective in lowering serum potassium concentration in patients with end-stage renal failure[@B15]. Gastrointestinal adverse events associated with SPS use were substantial according a systematic review[@B16]. In particular, colonic necrosis was serious because of mortality. However, recent randomized clinical trials showed that SPS was effective in treating mild hyperkalemia in CKD patients[@B17][@B18]. The evidence base for SPS is more limited than Patiromer and ZS-9 because clinical trials were performed on small numbers of patients over short periods. However, use of SPS may continue due to clinical familiarity and lower cost[@B18].

Recently, Abuelo pointed out fallacies in treatment of hyperkalemia[@B19]. Among these, the efficacy and safety of SPS were the issues; "1) SPS is of uncertain efficacy, and if effective, it is only after a delay of several hours, making its usefulness questionable for severe hyperkalemia. 2) Intestinal necrosis, usually of the colon, is an infrequent, but often fatal complication of sodium polystyrene sulfonate." According to him, the truths are the followings; 1) Recent clinical studies and case series of SPS use confirmed its effectiveness in almost 800 patients; single 60- to 80-g doses were followed by average falls in serum potassium of 0.9 to 1.7mmol/L. Regarding onset of action, a significant fall of 0.6 mmol/L was noted in potassium concentrations measured from 0 to 4 hours after SPS administration. 2) It is not clear if SPS causes intestinal necrosis; instead, it may just be a marker for risk factors for intestinal necrosis, such as chronic and end stage renal disease. Even if SPS with or without sorbitol can rarely produce intestinal necrosis, it is so uncommon (much \<1%)."

2. Calcium polystyrene sulfonate
--------------------------------

Calcium polystyrene sulfonate (CPS) is a cation exchange resin, which exchanges calcium for potassium. Compared with SPS, CPS may have a higher potassium-selectivity at cation exchange[@B20]. Although CPS has been widely used for patients with advanced CKD in many countries including South Korea, few studies were reported on its efficacy and adverse effects.

We retrospectively analyzed our data of using CPS to treat mild hyperkalemia in outpatient CKD patients[@B21]. Eight hundred eighty-four patients were initially screened, but 247 patients were finally analyzed because those with prior CPS use, administration for less than a week, admission history, dialysis therapy, and kidney transplantation were excluded. We evaluated only the periods with a fixed dosage.

[Table 1](#T1){ref-type="table"} shows baseline characteristics of the patients enrolled in this study[@B21]. All patients used small doses of CPS, ranging 2.5 to 15 grams per day. The mean duration of medication was 5.6 months, and ACE inhibitors or ARBs were commonly used. When all patients were taken together, the serum potassium level was significantly decreased by CPS treatment ([Fig. 2](#F2){ref-type="fig"}). Hyperkalemia was corrected (\<5.0mmol/L) in 57.5% of our patients, and the serum potassium lowering effect of CPS was dose-dependent. Notably, the response (serum potassium lowering ≥0.3mmol/L) was \>70% irrespective of using and discontinuing ACE inhibitors and ARBs. Many patients complained of unpleasant taste with CPS, and constipation was noted in 8% from our medical records. However, no serious adverse events including colonic necrosis were reported. Although the incidence may be negligible, colonic mucosal necrosis has been reported in a Korean uremic patient following administration of CPS[@B22].

Recently, a comparative study between CPS and SPS was reported from Japanese pre-dialysis patients with hyperkalemia[@B20]. After 4-week treatments, serum potassium lowering was similar (CPS, 0.60 to 1.90mmol/L; SPS, 1.08 to 1.88 mmol/L, p=0.51). Whereas CPS had a tendency to serum sodium lowering, SPS significantly increased serum sodium concentration. CPS had no significant effects on serum calcium and magnesium, but SPS significantly decreased serum calcium and magnesium concentration. Thus, CPS may be superior to SPS in terms of side effects.

3. Patiromer
------------

Patiromer is a non-absorbable polymer consisting of smooth spherical beads approximately 100 µm in diameter. The active moiety of the polymer is composed of alpha-fluorocarboxylic acid that contains a calcium ion which dissociates in favor of a potassium ion to promote fecal potassium excretion in the distal colon[@B13]. Oral administration of patiromer can increase fecal potassium in a dose-related fashion, and doses of 15 to 30 g/day increased daily fecal potassium by approximately 15 to 20 mmol[@B23].

Randomized, controlled trials have evaluated the efficacy and safety of patiromer in hyperkalemic CKD patients already treated with RAAS blockers. Serum potassium lowering was demonstrated by daily doses between 8.4 to 30 g up to 52 weeks. Major adverse events were constipation and hypomagnesemia[@B6]. Based on these results, patiromer was approved by the Food and Drug Administration in 2015.

4. Sodium zirconium cyclosilicate
---------------------------------

Sodium zirconium cyclosilicate (ZS-9) is a crystal that is highly selective for potassium ion trapping[@B24]. Thus, it may act throughout the gastrointestinal tract and explain the rapid onset of action. ZS-9 was also tested for treating hyperkalemia in CKD, heart failure or diabetic outpatients. Daily doses between 1.25 to 15 g up to four weeks were used in randomized, controlled trials and showed effective serum potassium lowering. Major adverse events were edema and diarrhea[@B6]. Based on these results, ZS-9 was approved by the Food and Drug Administration in 2018. Very recently, a long-term experience of using ZS-9 over 12 months was reported[@B25].

Conclusion
==========

Chronic hyperkalemia is a major concern in CKD patients, especially taking RAAS blockades for diabetes and/or cardiac disease. Potassium binding agents may be useful to maintain the serum potassium in the normal range without reducing the dose or discontinuing RAAS inhibitors and restricting intake of fruits and vegetables. The old potassium binders, SPS and CPS, have been used for decades over the world. Although their efficacy and safety are still controversial, small doses of CPS should be efficacious and safe to treat mild hyperkalemia. New agents such as patiromer and sodium zirconium cyclosilicate are promising because of the recent clinical studies, and comparative clinical trials between patiromer, sodium zirconium cyclosilicate, and CPS are required to provide guides to cost-effective management of chronic hyperkalemia.
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![Prevalence of hyperkalemia and use of angiotensin II receptor blockades (ARBs) in Korean patients with chronic kidney disease (CKD). (**A**) Percentages of patients with hyperkalemia (\>5.5 mmol/L) from CKD stage 1 through 5. (**B**) Percentages of patients taking ARBs from CKD stage 1 through 5. Data were produced from the KNOW-CKD cohort and offered by Drs. Eunjeong Kang and Kook-Hwan Oh.](ebp-17-1-g001){#F1}

![Effects of calcium polystyrene sulfonate on serum potassium. (**A**) Serum potassium concentrations were compared before and after administration of calcium polystyrene sulfonate (^\*^, p\<0.001 by paired t-test). (**B**) Serum potassium concentrations were lowered by calcium polystyrene sulfonate in a dose-dependent fashion (p\<0.001 by oneway ANOVA test). <https://doi.org/10.1371/journal.pone.0173542.g003>](ebp-17-1-g002){#F2}

###### Patient characteristics at baseline: A retrospective analysis of using calcium polystyrene sulfonate[@B21]
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Values are expressed as mean±standard deviation for continuous variables and number (%) for categorical variables. CPS, calcium polystyrene sulfonate; CKD, chronic kidney disease; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blockade; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate.
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